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Abstract
The mechanisms subserving hypoandrogenemia and relative hypogonadotropism in older men are
not known. The present study tests the clinical hypothesis that aging impairs hypothalamopituitary
adaptations to feedback withdrawal induced by antagonism of estrogen biosynthesis. To this end, we
appraised gonadal axis responses to estrogen depletion induced by anastrozole (a potent and selective
aromatase inhibitor) in nine older and 11 young men vs. placebo in 17 other older and eight young
men. The study design comprised a prospectively randomized, double-blind, parallel-cohort
intervention. To monitor LH release, blood was sampled every 10 min for 24 h; LH concentrations
were assayed by two-site monoclonal immunoradiometric assay; pulsatile LH release quantitated by
a model-free discrete peak-detection technique (Cluster); feedback-dependent orderliness of LH
secretion via the approximate entropy statistic; and 24-h rhythmicity of LH concentrations by cosine
analysis. At baseline, older men had comparable estradiol and testosterone but lower LH
concentrations than young controls. Exposure to anastrozole reduced (24-h pooled) serum estradiol
concentrations by 50% (P < 0.001) and elevated mean LH concentrations by 2.1-fold (P < 0.001) in
both the young and older cohorts. However, older men failed to achieve young adult augmentation
of the following: 1) total testosterone concentrations (P < 0.01) or molar testosterone to SHBG ratios
(P < 0.01); 2) incremental LH pulse amplitude (P < 0.001) and LH peak area (P < 0.01); 3) mean
LH pulse frequency (P = 0.0044); and 4) quantifiable irregularity (approximate entropy) of LH
release patterns (P < 0.001). FSH concentrations became comparable in the two age cohorts.

In summary, administration of a potent and selective aromatase antagonist reduces estradiol and
elevates mean LH concentrations equivalently in young and older men. The low estrogen-feedback
state in elderly men unmasks diminished incremental LH pulse amplitude and area; absence of further
acceleration of LH pulse frequency; impaired regulation of the orderliness of LH release; and reduced
testosterone to SHBG ratios. Thus, aging alters expected hypothalamopituitary-gonadal adaptations
to short-term partial estrogen depletion in healthy men.
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HEALTHY OLDER MEN exhibit a 30–50% reduction in testosterone bioavailability without a consistent
reciprocal elevation in LH concentrations (1–9). Although the foregoing disparity is consistent
with hypogonadotropic hypogonadism, the mechanistic basis of hypoandrogenemia is not
known (3,5,10–14). Plausible considerations include deficient hypothalamic GnRH drive,
impaired Leydig cell responsiveness to LH, and/or heightened feedback repression by
endogenous sex steroid hormones. Available studies of the last issue are incomplete or
conflicting. First, concentration-dependent negative feedback by circulating estrogen and
testosterone has not been studied rigorously in the aged male. Second, exogenous testosterone
and 5α-dihydrotestosterone reportedly suppress LH concentrations to variously greater,
equivalent, or lesser degrees in older than young adults (12–17). And, third, nonsteroidal
antagonists of the androgen or estrogen receptor stimulate pulsatile LH secretion inconsistently
in elderly men (1,12,18,19). The precise basis for such discrepant data is not known. Relevant
considerations would include differing selection criteria, the limited size of most study cohorts,
variable metabolic transformation of testosterone and 5α-dihydrotestosterone to active and
inactive steroids, and confounding technical factors, such as nonuniform sampling schedules,
LH immunoassays, and pulse-analysis methods (10,11).

Rare male patients harboring a loss-of-function mutation of the estrogen receptor-α or
aromatase enzyme gene maintain higher mean LH and testosterone concentrations than
controls (20–22). Pharmacological estrogen receptor antagonists, such as clomiphene citrate
and tamoxifen HCL, augment LH and testosterone secretion in healthy men (1,18,23–29).
These agents are now known to be weak estrogen agonists as well (30). δ-1 Testolactone, a
microbially synthesized progesterone derivative, inhibits the aromatase enzyme and stimulates
LH output in young adults (31–35). However, this drug has antiandrogenic properties (31).
Anastrozole, a highly selective aromatase inhibitor, reduces systemic estradiol concentrations
by 30–50% and amplifies pulsatile LH secretion by 2- to 3-fold in eugonadal young men (32,
36). Anastrozole offers a relevant probe of estrogen-dependent negative feedback because the
aromatase enzyme uniquely catalyzes estrogen biosynthesis (37).

The present study tests the clinical hypothesis that aging disrupts expected
hypothalamopituitary-gonadal adaptations induced by partial withdrawal of endogenous
estrogen-driven negative feedback. To this end, we compared pulsatile, entropic (pattern-
regularity), and nyctohemeral (24-h) LH release in healthy young and older men randomized
to receive placebo or anastrozole for 5 d.

Patients and Methods
Clinical protocol

Fifty-one healthy, ambulatory, community-dwelling, unmedicated men participated (31
individuals aged 18–33 yr and 20 volunteers aged 60–76 yr). Each volunteer provided written
informed consent, as approved by the institutional review board and reviewed by the U.S. Food
and Drug Administration under an investigator-initiated new drug file. Subjects were
reimbursed for the time committed to participate. The following were normal at screening:
medical history (including libido and potentia) and physical examination (including male
habitus, virilization, and testis size); biochemical measurements of hematologic, hepatic, renal,
and metabolic function; and fasting concentrations of T4, TSH, testosterone, estradiol, IGF-I,
LH, FSH, and prolactin. Exclusion criteria included substance abuse, exposure to psychotropic
or neuroactive drugs within 8 biological half-lives, use of glucocorticoids or sex hormones,
anemia (hemoglobin < 13 gm/dl), recent weight loss or gain (> 2 kg change in 1 month),
transmeridian travel (more than three time zones traversed in the preceding 7 d), shift work,
untreated prostatic disease, acute or chronic systemic illness, and unwillingness to provide
written informed consent.
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The study design was a prospectively randomized, double-blind, placebo-controlled, parallel-
cohort intervention. Placebo or anastrozole (five 1-mg tablets twice daily) was administered
orally for 5 d beginning at 0800 h clock time on d 1 (38,39). The foregoing and lesser doses
of this aromatase inhibitor reduce total estradiol concentrations by 35–50% in young men
(32,36,37,40).

Sampling procedure
Subjects were admitted to the General Clinical Research Center (GCRC) on the fourth evening
of intervention to allow overnight adaptation to the unit and placement of a forearm venous
catheter. Blood samples (1.25 ml) were withdrawn every 10 min for 24 h beginning at 0800 h
the next morning. Placebo or drug was continued. Meals were provided at 0800, 1200, and
1700 h. Ambulation was permitted to the lavatory. Smoking, caffeinated beverages, daytime
sleep, and vigorous exercise were disallowed during the sampling interval.

Hormone assays
Serum LH concentrations were assayed in duplicate by two-site monoclonal
immunoradiometric assay (IRMA) (Nichols Diagnostics Institute, San Juan Capistrano, CA)
via an automated pipetting, bead-washing, and data-reduction system (2,6,12,36). Sensitivity
is 0.2 IU/liter (First International Reference Preparation) and cross-reactivity less than 0.3%
for FSH, free alpha, LH β-subunits, and TSH. Median coefficients of variation in the present
study were 5.1 (intraassay) and 6.3% (interassay). LH immunoreactivity by IRMA correlates
well (r = +0.975) with that quantitated by in vitro rat Leydig cell bioassay (6,12). Other
hormones were measured in 24-h pooled sera (50 μl/sample × 145) as follows: testosterone
and estradiol by coated-tube and double-antibody RIA, and SHBG, FSH, prolactin, and TSH
by IRMA, respectively (6,36,41).

Cluster analysis
Cluster analysis was used as a validated, model-free method of discrete peak detection (42).
The intention was to limit uncertainty in pulse detection due to unknown potential waveform
changes under estrogen-feedback depletion. Conservative (< 5.0% false-positive rate) pulse-
analysis criteria included test cluster sizes of 2 for the putative nadir and 1 for the presumptive
peak and a (pooled-variance) t-statistic threshold of 2.0 to identify significant pulse onset and
offset times (10,43,44). Definitionally, peak maximum denotes the highest (absolute)
concentration attained in the pulse; nadir, the prepeak (mean) hormone concentration;
incremental peak amplitude, the algebraic difference between the maximum and preceding
nadir; incremental peak area, the trapezoidally integrated hormone concentration above the
mean of the pre- and postpeak nadir values; pulse frequency, the number of significant peaks
identified per 24 h; and interpeak interval, the mean time (minutes) separating consecutive
peak maxima.

Cluster analysis was validated earlier by quantitating the concordance of identified LH peaks
with the following: 1) discrete GnRH pulses in hypothalamopituitary portal venous blood in
sheep; 2) mediobasal hypothalamic multiunit electrophysiological activity in the Rhesus
monkey; 3) true-positive LH pulses induced by bolus iv infusion of GnRH or LH in men with
hypogonadotropism; and 4) mathematically simulated LH pulse trains (10,42–47). These
analyses establish nominal discriminative indices for LH peak detection (sensitivity,
specificity, negative and positive predictive accuracy) of 85–93%.

Approximate entropy analysis
The approximate entropy (ApEn) statistic provides a model-free measure of within-axis
feedback changes, monitored by the serial regularity or orderliness of hormone release patterns
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(48–51). Technically ApEn is computed as the sum of the negative logarithms of the conditional
probabilities that patterns of vector length m in a series of N data points recur on next (m+ 1)
incremental comparison within a given tolerance range r (52). Earlier analyses demonstrated
the statistical validity, sensitivity, and replicability of ApEn for neurohormone profiles
comprising 30–300 samples under parameter choices of m = 1 (test pattern size) and r = 20%
(normalized threshold to corroborate pattern recurrence, given as a percentage of the overall
time-series SD). Normalized ApEn provides a translation (additivity)- and scale (concentration)-
independent discriminative measure of the regularity of patterns. To normalize ApEn against
interassay differences, we computed the mean ratio of individual ApEn to each of 1000
randomly shuffled (null) versions of the cognate series and the number of SDS (z score) separating
observed from mean random ApEn (50).

Cosine regression analysis
The 24-h rhythmicity of LH concentration profiles was quantitated by cosinor analysis, as
described earlier. This procedure entails unweighted nonlinear regression of a cosine function
of 1440-min periodicity on the hormone time series. The 95% statistical confidence intervals
were determined for the fitted amplitude (50% of the nadir-zenith difference), mesor (24 h
rhythmic mean), and acrophase (clock time of maximal diurnal value) (53).

Statistical analysis
One-way ANOVA was used to contrast (log-transformed) measures of LH pulsatility, ApEn,
and 24-h rhythmicity among the four independent study groups. Data are presented as the mean
± SEM. P < 0.05 was construed as statistically significant.

Results
Figure 1 illustrates LH concentration profiles derived by frequent (10-min) and extended (24-
h) blood sampling in two young and two older volunteers studied on the fifth day of placebo
or anastrozole administration. Peaks identified by computer-assisted (Cluster) analysis are
marked for visual comparison. Figure 2 summarizes mean and integrated (24-h) serum LH
concentrations for all four study cohorts. In the placebo context, older subjects exhibited
somewhat lower LH concentrations than young controls but comparable concentrations of
(total) testosterone and estradiol (Fig. 3). In the absence of active drug, older men maintained
higher (24-h pooled) SHBG and FSH concentrations, a lower mean prolactin concentration,
and a reduced molar ratio of testosterone to SHBG, compared with young men (Table 1 and
Fig. 3).

Exposure to anastrozole, compared with placebo for 5 d, increased 24-h mean LH
concentrations significantly and equivalently in young and older men (both P < 0.001) (Fig.
2). However, administration of the aromatase inhibitor failed to elevate (24-h pooled) total
testosterone concentrations to the same degree in older as young men (P < 0.001) (Fig. 3). In
confirmation of this age-related contrast, anastrozole block did not augment the molar ratio of
testosterone to SHBG concentrations equivalently in older and young men (P < 0.001). Mean
(24-h pooled) FSH concentrations (albeit higher in older than young men given placebo) were
comparable by age in subjects receiving anastrozole (Table 1).

Discrete peak-detection analysis was used to quantitate feedback adaptations in pulsatile LH
release. In the placebo setting, older males exhibited a higher mean LH pulse frequency (P =
0.0046) and shorter interpeak interval (P = 0.0044) than young controls (Fig. 4A). Anastrozole
increased LH peak frequency and decreased LH interpulse intervals in young but not older
men, thus yielding comparable stimulated values. In this setting, LH peak maxima and
interpeak nadir LH concentrations were similar in the two age groups (P < 0.001 each vs.
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placebo; P = NS by age; not shown). In contrast, under pharmacological estrogen deprivation,
mean incremental LH peak amplitude (P < 0.001) and incremental LH peak area (P = 0.001)
were significantly lower in older than young men (Fig. 4B).

The ApEn statistic was applied to monitor the regularity of LH release. In the placebo
intervention, ApEn was higher in older than young men (P = 0.0022), denoting more disorderly
secretory patterns (Fig. 5, top panel). Administration of anastrozole elevated LH ApEn in
young but not older individuals. Accordingly, stimulated LH ApEn did not differ in the two
cohorts. The foregoing interventional contrasts were corroborated by computing the mean ratio
of observed-to-random ApEn and the number of SDS separating observed from random ApEn
(defined by 1000 random shuffles of each LH time series) (Fig. 5, middle and bottom panels).

Cosine regression analysis was used to quantitate the 24-h rhythmicity of LH concentrations.
In the placebo context, older men maintained a lower mesor (daily rhythmic mean) than young
men (Fig. 6). Administration of anastrozole amplified the LH mesor significantly and
equivalently by age. Neither age nor active drug influenced the nyctohemeral amplitude (50%
of the zenith-to-nadir difference) or acrophase (timing of the diurnal maximum) of LH release.

Discussion
Healthy older men may exhibit normal, low, or elevated LH concentrations in the face of normal
total testosterone and estradiol concentrations. Elevated LH secretion putatively reflects a
feedback response to partial failure of Leydig cell steroidogenesis (10,54,55). Normal and low
LH levels would point toward relative GnRH and/or LH deficiency. Assuming that
gonadotrope secretory responses to injected GnRH are normal or enhanced in older individuals
(7), a plausible working hypothesis is that hypothalamic GnRH outflow is reduced in this
setting. According to this perspective, some elderly men manifest incipient features of
hypogonadotropic hypogonadism (54,55). We study such individuals here, as defined
provisionally by normal concentrations of total testosterone and estradiol, reduced molar ratios
of testosterone to SHBG and decreased mean LH concentrations.

The present clinical investigation tests the hypothesis that aging in healthy men disrupts
endogenous, estrogen-dependent negative-feedback control of pulsatile, entropic (pattern-
sensitive), and daily rhythmic LH release. To examine this postulate, we quantitated LH release
during placebo and selective aromatase-enzyme inhibition in healthy young and older
individuals. Model-free discrete peak-detection analysis was applied to obviate possible
confounding by changes in LH pulse waveform in the low-estrogen milieu (56). Statistical
comparisons disclosed that older (unlike young) volunteers exposed to anastrozole evince no
detectable adaptations in either LH pulse frequency or the quantifiable regularity of LH release.
In addition, compared with young men also given the aromatase inhibitor, elderly males
maintain significantly lower incremental LH peak amplitudes and areas and molar ratios of
testosterone to SHBG concentrations. The foregoing ensemble distinctions point to selective
mechanisms of regulatory disruption in aging men.

Age did not influence the ability of anastrozole to depress (24-h pooled) estradiol
concentrations by 50% (compared with placebo) and elevate mean LH concentrations by 2-
fold. Nonetheless, under pharmacologically equivalent estrogen withdrawal, older subjects
failed to achieve normal young adult augmentation of total testosterone concentrations or molar
testosterone to SHBG ratios (Fig. 3). Given statistically comparable integrated LH
concentrations, impoverished testosterone output could reflect a less effectual pattern of LH
release, attenuated LH bioactivity, diminished LH uptake by the testis, and/or impaired gonadal
steroidogenesis in the aged individual. In the last regard, testosterone concentrations do not
increase maximally in elderly men after administration of a mixed estrogen receptor antagonist/
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agonist, pharmacological amounts of human chorionic gonadotropin, and near-physiological
pulses of GnRH or recombinant human LH (1,3,6,8,45,54). In conjunction with the current
data and reduced rather than accentuated metabolic clearance of testosterone in older men
(10,54), we interpret the foregoing collective observations as indicative of an age-related defect
in Leydig cell steroidogenesis.

Aromatase-enzyme blockade and attendant relative hypoestrogenemia elevated incremental
LH pulse amplitude and LH peak area significantly in young but not older men. From a
mechanistic vantage, these two measures of LH pulse amplitude are proportionate to the
amount of LH (international units) secreted per unit distribution volume (liters) per burst
(57). Peak height depends jointly on hypothalamic GnRH release, the sensitivity of
gonadotrope cells to GnRH, and the elimination kinetics of LH (58,59). Whereas central
neuronal GnRH release cannot be monitored directly in the human, recent detailed dose-
response analyses show that submaximally effective pulses of GnRH stimulate LH secretion
more in older than young whether androgenic-negative feedback is withdrawn experimentally
(60,61). Other studies based on the iv infusion of midphysiological amounts of recombinant
LH under leuprolide blockade indicate that LH kinetics do not differ in young and older men
(45,62). Based on such outcomes, we postulate that endogenous GnRH stimulus strength is
reduced in aging men and that partial relief of estrogenic-negative feedback by anastrozole
heightens detection of the putative defect.

The exact basis for inferred attenuation of hypothalamic GnRH drive is not known but could
include diminished pulsatile GnRH release; a less effective waveform of GnRH secretion; and/
or impaired access of GnRH to anterior-pituitary gonadotrope cells. The fact that mean
testosterone to SHBG ratios were concomitantly lower in older men reinforces the inference
of reduced hypothalamic GnRH stimulus strength, inasmuch as relative hypoandrogenemia
provides an additional stimulus to GnRH production and potentiates GnRH action (see
introductory text). The present interpretation of depressed GnRH outflow would be concordant
with both in vitro and in vivo experimental data in the aged male rodent (4,5,9,63–67).

Quantitation of the orderliness of 24-h LH release patterns revealed marked irregularity in older
men, in consonance with earlier findings (6,9,49). On analytical grounds, disorderly LH
secretion signifies relative disruption of coordinate control of feedback and feed-forward
signaling within the interlinked hypothalamopituitary-gonadal axis (49,50,52). Integrative
failure could arise by way of altered feed-forward (agonistic) and/or feedback (inhibitory)
connections. In this regard, impaired feed-forward drive may include diminished GnRH
signaling strength (see above) and reduced responsiveness of Leydig cells (present data and
Refs. 9,68,69). The nature of putative feedback defects is not clear but plausibly could reflect
reduced availability and/or attenuated actions of testosterone (6,9,18,45,68–70). In this regard,
short-term hypoandrogenemia in young men elicits frequent, low-incremental amplitude and
irregular LH pulses, akin to the patterns observed here in older men (41,50,70).

In summary, administration of a selective aromatase antagonist lowers (24-h mean)
concentrations of estradiol by 50% and elevates LH concentrations by 100% in young and
older healthy men. Negative-feedback adaptations to partial estrogen withdrawal differ
significantly by age. In particular, relative estrogen depletion in older, unlike young, men fails
to evoke (further) augmentation of the following: 1) incremental LH peak amplitude and LH
pulse area; 2) daily LH pulse frequency; 3) LH secretory-pattern irregularity; and 4) the molar
ratio of testosterone to SHBG concentrations. These outcomes extend concepts of aging-
associated regulatory defects in the male by hypothalmopituitary gonadal axis to include
estrogen-dependent feedback control.
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Fig. 1.
Illustrative serum LH concentration profiles in two young and two older men. Subjects
underwent blood sampling every 10 min for 24 h on the fifth day of exposure to placebo or
anastrozole. LH concentrations were measured via automated, double-monoclonal, LH β-
subunit-directed IRMA. Vertical bars associated with each data point denote the within-assay
concentration-dependent SD. Arrows mark statistically significant LH pulses detected by model-
free Cluster analysis (see Patients and Methods).
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Fig. 2.
Mean and integrated (24-h) LH concentrations in young and older men administered either
placebo or anastrozole for 5 d. Values are the mean ± SEM. P values were computed by ANOVA.
Means with unique (unshared) alphabetic superscripts A, B, and C differ significantly.
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Fig. 3.
Serum testosterone, estradiol, and SHBG concentrations and the molar ratio of testosterone to
SHBG concentrations in young and older men studied on the fifth day of exposure to either
placebo or anastrozole. See legend of Fig. 2 for format of data presentation.
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Fig. 4.
Measures of pulsatile LH release in healthy young and older men administered either placebo
or anastrozole for 5 d. A, Incremental LH peak amplitude and area. B, LH peak frequency
(minutes) and LH interpeak interval (number of pulses per 24 h). See legend of Fig. 2 for data
format.
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Fig. 5.
ApEn of LH concentration time series in young and older men administered either placebo
(control) or anastrozole for 5 d. The panels show observed LH ApEn (top panel) and the ApEn
ratio (middle panel). A higher value of either ApEn measure denotes greater irregularity
(reduced orderliness) of the LH release process. Conversely, a lesser absolute number of SDS

separating observed from mean random ApEn (lower panel) signifies greater irregularity. Data
are presented as described in the legend of Fig. 2.
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Fig. 6.
Measures of 24-h rhythmicity of LH concentrations. Panels depict (from top to bottom) the
cosine amplitude (half the zenith-to-nadir difference), acrophase (clock time of the diurnal
maximum), and mesor (daily rhythmic mean). See legend of Fig. 2 for data presentation.
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TABLE 1
Serum hormone concentrations in young and older men administered placebo or anastrozole orally for 5 d

Placebo Anastrozole

Hormone Young (n = 15) Older (n = 16) Young (n = 11) Older (n = 9) P

FSH (IU/liter) 2.6 ± 0.4a 6.9 ± 0.7b 11 ± 2.5c 15 ± 3.9c <0.01
Prolactin (μg/liter) 8.0 ± 1.1a 4.5 ± 0.8b 11 ± 2.0a 6.8 ± 1.3a,b <0.05
TSH (mIU/liter) 2.3 ± 0.5 2.0 ± 0.6 1.9 ± 0.3 1.8 ± 0.5 NS

Data are (24-h pooled serum) determinations, presented as the mean ± SEM (n denotes group size). Means with unique (unshared) alphabetic
superscripts are significantly different within a row. P values were estimated by ANOVA. NS denotes P > 0.05.
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